Abstract: The electronic structure of the iron(II) spin crossover complex [Fe(H 2 bpz) 2 (phen)] deposited as an ultrathin film on Au(111) is determined by means of UV-photoelectron spectroscopy (UPS) in the high-spin and in the low-spin state. This also allows monitoring the thermal as well as photoinduced spin transition in this system. Moreover, the complex is excited to the metastable high-spin state by irradiation with vacuum-UV light. Relaxation rates after photoexcitation are determined as a function of temperature. They exhibit a transition from thermally activated to tunneling behavior and are two orders of magnitude higher than in the bulk material.
Miniaturization of electronic devices is an important driving force towards reducing functional elements to the size of single molecules. A model system of functional molecules with potential applications in nano-electronics and spintronics, the electrical, magnetic, structural, or optical properties of which can be manipulated by external stimuli, are spin crossover (SCO) complexes, the largest number of examples being available for Fe II . Depending on the nature and field strength of the surrounding ligands the central iron ion can exist in two different electronic configurations, "low spin" (LS, S = 0) and "high spin" (HS, S = 2). [1] [2] [3] [4] Herein, the Fe II complex [Fe(H 2 bpz) 2 (phen)] is investigated (compound 1; H 2 bpz = 1,2-bis(pyrazolyl)borate, phen = 1,10'-phenanthroline; see Figure 1, top) . This compound undergoes a thermal spin transition between HS and LS at T 1/2 % 164 K (Figure 1 , bottom). Below T LIESST = 43 K, the complex can be switched to a metastable HS (mHS) state by irradiation with 532 nm light. [5] This effect is known as lightinduced excited spin-state trapping (LIESST). [6] [7] [8] The lifetime of the metastable HS state is very long at temperatures well below T LIESST but strongly decreases with increasing temperature, eventually leading to relaxation to the LS ground state at T = T LIESST (Figure 1 , bottom). [2] In bulk materials, the LIESST effect has been well investigated. [9, 10] Successful vacuum deposition of 1 and the related complex [Fe(H 2 bpz) 2 (bipy)] (2; bipy = 2,2'-bipyridine) [11, 12] has opened up the possibility to study this effect in solvent-free high-quality films, using methods that require ultra-high vacuum conditions, such as ultraviolet [13] and X-ray photoelectron or inverse photoemission spectroscopy. [14] In recent studies, thin films of 1 and 2 have also been investigated with scanning tunneling microscopy [15] [16] [17] as well as X-ray absorption spectroscopy, [18] [19] [20] and evidence for electron-induced spin-state switching has been provided for 1. [15, 16] Detailed studies of the valence electronic structure of 1 and 2 are still missing, however. The same applies to the dynamics of the photoexcited spin state exhibited by these systems in ultrathin films. A recent study has shown that the spin transition temperature and the relaxation dynamics of the metastable HS state of Fe II can vary greatly from crystalline to nanocrystalline and amorphous samples. [21] Herein we present an ultraviolet photoelectron spectroscopy (UPS) study of the electronic structure and the lightinduced switching behavior of 1 in vacuum-deposited ultrathin films. The dynamic population of the metastable HS state is investigated under permanent irradiation for different laser intensities to determine mHS-to-LS relaxation rates at temperatures below, around, and well above T LIESST (1) = 43 K.
The electronic structure of a thin layer of 1 determined by UPS, and a comparison to spectra obtained from DFT calculations, is shown in Figure 2 (for experimental details, see the Supporting Information). The upper part of Figure 2 shows the valence electronic structure of an about 7 nm-thick layer of 1 on Au(111), corresponding to 5-6 molecular layers, if a size of 1.4 nm 0.76 nm of the individual molecule is assumed. [16] The spectra are composed of several broad features at binding energies of 2.4 eV, 4.8 eV, 6.8 eV, and a very broad feature centered at about 9.6 eV. Comparison of spectra at near room temperature, at 56 K, and at 28 K shows no significant changes of the overall electronic structure. Additional irradiation with 532 nm at 28 K seems to have little influence as well. Detailed investigation of the feature at a binding energy of about 2.4 eV, however, reveals an intensity dependence on temperature as well as on 532 nm irradiation (shown in the inset of Figure 2 ; see below). For better visibility and to account for sample charging, the energy axis of the spectra has been calibrated to the binding energy of the feature located at 4.8 eV.
The bottom part of Figure 2 shows the spectra derived from the results of the DFT calculations at the BP86/tzvp level. [15, 22] The calculated ionization energies are indicated as vertical lines below the respective spectra. The theoretical spectra were obtained by assigning a Gaussian profile of equal intensity and width to each transition. Polarization-and matrix-element related effects were not taken into account. The overall shape of the calculated spectra matches the photoemission very well. A rough correlation between experimental and theoretical spectral features is indicated by dark gray lines.
A clear difference of the theoretical spectra between the two spin states can be observed at ionization energies of about 4.5 eV. In the LS state, the three doubly occupied t 2g orbitals give rise to a distinct feature at 4.5-5 eV, which will be referred to as a "low-spin feature". Owing to the spin polarization effect, the d orbitals are distributed over a much larger energy range in the HS state, and in the spectral region of the low-spin feature much less intensity is predicted. Experimentally, cooling of the sample from 275 K to 56 K is accompanied by an intensity increase of the LS feature ( Figure 2 inset). Further cooling to 28 K, however, leads to an intensity decrease, and irradiation with 532 nm light at 28 K further decreases the intensity of this feature.
A more detailed investigation of these phenomena is shown in Figure 3 , where the intensity of the LS feature is plotted versus the sample temperature during sample cooling and additional irradiation of the sample with 532 nm at 28 K. A fit function consisting of an exponentially decaying background and a Gaussian profile is used to determine the temperature dependence of the feature intensity. The inset in Figure 3 illustrates the Gaussian fit component as a shaded area. Upon cooling the sample, we first observe an increase of the LS feature starting at about 180 K down to about 60 K. This behavior reflects a thermal spin transition from the HS to the LS state. Further lowering of the temperature then leads to an intensity decrease to about room temperature level with a transition temperature of about 50 K, indicating a population of the mHS state. Presumably, this transition is induced by the vacuum-UV (VUV) irradiation of the sample, similar to the optical excitation of 1 to the mHS state, which occurs at about the same temperature. [5] The VUV-induced process, however, does not lead to full conversion from the LS to the HS state, as additional irradiation of the sample at 28 K with the 532 nm laser causes a further intensity decrease of the LS feature, as indicated by the dark gray area in Figure 3 . We assume that now all molecules with active centers are in the HS state (low-spin fraction g LS = 0). Importantly, the thermal spin transition in our film of 1 appears to occur at a much lower temperature than in the bulk material (165 K), [5, 9] and the spin crossover behavior is much more gradual. This seems to agree with the rule that the spin transition generally is less steep and occurs at lower temperatures for nanocrystalline or amorphous samples as compared to the crystalline bulk material. [21] The observation that the intensity of the LS feature at 28 K is lowered by illumination of the sample with laser light prompted us to explore the influence of a continuous laser irradiation at 532 nm on the spin equilibrium in ultrathin films of 1 in more detail. The results of these measurements are shown in Figure 4 where the low-spin fraction g LS observed under irradiation of the sample with different laser intensities is plotted versus the temperature. The laser was also switched off for short periods at 28 K. A representative spin transition curve without laser irradiation is given as a reference (gray filled trace in Figure 4 ). The intensity of the LS feature was determined as shown in Figure 3 ; for the determination of the LS fraction, the residual intensity of the LS feature in the high spin state was accounted for (see the Supporting Information). The temperatures at which a stationary population of the mHS state of 50 % occurs (g LS = 0.5) are defined as Figure S1 ). Note that the signal-to-noise ratio decreases for low laser power densities. When switching off the laser at low temperatures, the intensity of the low-spin feature relaxes to about room temperature level within the recording time of one photoelectron spectrum (about 130 s). Resuming the laser irradiation leads to an intensity decrease again, as observed before.
The shift of the spin-transition temperatures under permanent laser irradiation can be explained by a steadystate population of the metastable state above T LIESST owing to a high photon flux. A light-induced shift of T LIESST towards higher temperature has previously been observed for crystalline Fe II spin crossover complexes in conjunction with a lightinduced thermal hysteresis (LITH). [25, 26] Susceptibility measurements under permanent irradiation show that this effect exists for bulk samples of 1 as well (Supporting Information, Figure S2 ). In the thin film of 1, however, no hysteresis is observed, as curves of the LS feature intensity versus T obtained upon heating the sample are similar to those determined in the cooling mode (Supporting Information, Figure S3 ).
In Table 1 , excitation rates k ex calculated from the rate of incident photons are also shown. These values are calculated from a cross section of 1.37 10 À17 cm 2 for excitation with 532 nm light [12] and a quantum efficiency of 1.0 for the lightinduced population of the metastable HS state (see the Supporting Information). [27] The steady-state high-spin fraction under continuous irradiation as a function of k ex and the HS!LS relaxation rate k HL is given by Equation (1): [21] 
Therefore k HL % k ex at T 1/2 SS , where g HS SS = g LS SS % 0.5. The LS!HS excitation rates k ex of Table 1 thus can be identified with the HS!LS relaxation rates k HL . A plot of the relaxation rates k HL determined this way versus 1/T is shown in Figure 5 . 
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For comparison, relaxation rates derived from optical measurements of a 480 nm-thick film of 1 (Supporting Information, Figure S5 ) are also given. Importantly, the decay curves obtained for these films after excitation with 532 nm light exclusively exhibit mono-exponential behavior (Supporting Information, Figure S6 ), in contrast to those recorded for the bulk material of 1, which reflect the presence of cooperative interactions. [5] As evident from Figure 5 , the high-temperature relaxation rates derived from UPS on ultrathin films of 1 (filled circles) can be described with an Arrhenius behavior, and extrapolation to low temperatures leads to the values determined for the 480 nm thick film by UV/Vis absorption spectroscopy (k HL % 10 À3 -10 À4 s À1 ; open circles). A fit curve simulating a transition from thermally activated to tunneling behavior is given by a gray line, leading to a low-temperature limit for k HL in vacuum-deposited films of 1 on the order of about 10 À4 s À1 . Notably, this value is about one order of magnitude higher than the low-temperature limit of k HL in the crystalline bulk material of 1 (ca. 10 À5 s À1 ). [5] On the other hand, the relaxation rate in the thin film of 1 at 28 K must be significantly higher than the thick-film value of 10 À4 s À1 , as after switching off irradiation with 532 nm light (having converted the LS to the HS state to 100 %) the LS fraction is found to return to a level similar to the room temperature value (ca. 0.25) within the acquisition time of one photoelectron spectrum (130 s; Figure 4 ). Based on a value of g HS SS = 0.75 and the corresponding relaxation kinetics (see the Supporting Information), we conclude that k HL = 1.9 10 À3 s À1 and k ex = 5.8 10 À3 s À1 . The given k HL value can be considered as the lower limit of relaxation rates attainable to the ultrathin films of 1 under our experimental conditions (that is, in the presence of continuous VUV irradiation), one and two orders of magnitude higher than in the thick film and in the crystalline sample of 1, [5] respectively. The value of k ex = 5.8 10 À3 s À1 corresponds to excitation from the LS to the HS state owing to VUV irradiation. This value of k ex equals k HL at T 1/2 SS = 37 K, where a dynamic spin equilibrium with g HS SS = 0.5 under continuous VUV irradiation is observed (see Figure 4 "dark sample" and Table 1 ). The apparently close agreement between this spin-transition temperature and T LIESST = 43 K determined for 1 after optical excitation in the bulk (see below) is therefore accidental. As a matter of fact, the excitation mechanisms and the relaxation times are quite different for these two cases.
To conclude, ultraviolet photoelectron spectroscopy has been shown to be a suitable method to investigate the electronic structure as well as the thermal and light-induced spin-crossover behavior of 1 in ultrathin films on Au(111). Our results confirm that spin switching of Fe II complexes is possible in such systems, but with significantly larger relaxation rates than in the bulk. The photoelectron spectra of a circa 7 nm-thick film of 1 can be reproduced with DFT calculations of the complex in the gas phase, indicating that the molecules deposited on the Au(111) surface are intact. Evaluation of the intensity of the LS feature in the photoelectron spectra yields transition temperatures T 1/2 for the thermal HS-LS spin crossover that are significantly lower than in the bulk (164 K). For the first time, quantitative lightinduced conversion of the low-spin to the metastable highspin state has been achieved for a Fe II complex deposited as a thin layer on gold. Furthermore, mHS!LS relaxation rates have been determined for such a system. Without additional laser irradiation, a VUV-induced excited spin state trapping (VUVIESST) effect is observed; the corresponding steadystate spin transition temperature T 1/2 SS is determined to 37 K. Permanent irradiation with a 532 nm laser shifts T 1/2 SS toward higher temperatures, which is explained by a competition between (temperature-dependent) HS!LS relaxation and (power-dependent) LS!HS excitation through optical irradiation. The temperature dependence of k HL shows a transition from Arrhenius behavior to tunneling. A low-temperature limit for the relaxation rates in the thin films systems seems to be a value of about 10 À3 s À1 , which is one to two orders of magnitude higher than in thick films or the bulk.
Population of the metastable high-spin state in the absence of laser illumination is induced by irradiation of the sample with VUV photons of 21.22 eV energy. Similar to the spin-state-trapping effects by exposure to hard and soft X-ray radiation, [24, 25] secondary electrons created during the photoemission process can transfer energy to the Fe complex by inelastic scattering processes, leading to population of the metastable high spin state. In our case, however, this effect is much weaker, because the photon flux of a laboratory VUV source is several orders of magnitude lower in comparison to synchrotron sources.
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